This paper discusses a super-multipolar permanent magnet reluctance generator (PMRG) for small-scale renewable power generation. The PMRG has 72 stator poles and 96 rotor poles in order to be directly connected to the turbine without a gear box. The designed PMRG has a rated power of over 1.0 kW at 100 rpm. The PMRG has two features to reduce torque ripple; a two-stacked structure where one rotor is shifted by an electrical angle of 180 degrees from the other rotor; and chamfered rotor pole-tips so that the torque waveform consists of only odd harmonics. This structure drastically reduces the torque ripple of the PMRG. The shape of the rotor pole-tips was first optimized by the twodimensional finite element method (2D-FEM) coupled with a general-purpose optimization program. Next, the load characteristics of the PMRG obtained from 3D-FEM were considered. Finally, the characteristics of the developed 72/96-pole PMRG were measured.
Introduction
In recent years, the global warming problem and the exhaustion of fossil fuel have become a matter of great concern. Renewable power generations including wind-power and micro-hydroelectric are expected as clean energy resources. Following the expectation, the demand for generators with high power and high efficiency at low speed and low cost is increasing.
Switched reluctance (SR) generators, which are made of only magnetic core and windings, have an extremely simple and robust structure. Therefore, they are suitable for ultrahigh-speed application such as a micro-gas-turbine generation. In addition, they are also suitable for low-speed application such as small-scale wind-turbine and microhydroelectric power generation since a multi polar structure can be easily realized due to a high degree of freedom of shape of the SR generators. Several papers have reported on the SR generators (1) - (5) . The SR generators, however, have the problem that an external exciting circuit and a rotary encoder for detecting a rotor position are necessary.
To resolve the problem, we have paid attention to permanent magnet reluctance generators (PMRGs) (6) - (8) . They have almost the same structure as the SR generators, but have permanent magnets in the stator yoke. Thus, no extra exciting circuit and no position sensor are necessary. It is expected that the PMRGs have a simple system and high efficiency in comparison with the SR generators. However, two major technical problems still remain. One is the cost of rare-earth a) Correspondence to: Kenji Nakamura. E-mail: nakaken@ecei.
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To overcome these issues, we have proposed the novel outer-rotor PMRG (8) . The outer-rotor structure allows to utilize the wasted space inside the stator core as arranging space for permanent magnets. Therefore, ferrite magnets can be used instead of rare-earth magnets. In addition, the proposed PMRG has another two structural features. The first one is the two-stacked structure that one rotor is shifted by 180 degrees in electrical angle from the other rotor. The second one is that the rotor pole-tips are chamfered so that torque waveform consists of only odd-harmonics. With such a structure, torque ripple of the proposed PMRG was drastically reduced. This paper presents a super-multipolar PMRG designed for small-scale renewable power generation. The rated power is over 1.0 kW at 100 rpm. First, the shape of rotor pole-tips is optimized by two-dimensional finite element method (2D-FEM) coupled with a general purpose optimization program. Next, the measured characteristics of the developed 72/96-pole PMRG are described. Figure 1 illustrates a basic configuration of PMRG. The structure is almost the same as a conventional SR machine. However, it has permanent magnets in the stator yoke. Figure 2 demonstrates the operating principle of the PMRG. In the figure, the broken lines indicate the flux generated from the permanent magnets. Now, if the salient rotor pole is aligned to the U-phase stator pole as shown in Fig. 2(a) , then the flux flows through the U-phase coil because the gap reluctance is the minimum. Subsequently, if 72/96-Pole Rare-Earth Free PMRG Kenji Nakamura et al. Figure 3 shows the shape and dimensions of the previous three-phase 6/4-and 12/8-pole inner-rotor PMRGs. The core material is non-oriented silicon steel with a thickness of 0.35 mm. The rare-earth magnets (Nd-Fe-B) are arranged in the stator yokes.
Structure of the Super-multipolar PMRG

Basic Configuration and Operating Principle of PMRG
Structure of the Previous Outer-rotor PMRG
To be applied to the small-scale renewable power generation, further increasing the number of poles is necessary due to the low operating speed. However, as shown in Fig. 4(a) , if the pole number is further increasing, the PMRG cannot have enough space for permanent magnets, and the wasted space inside the rotor core is spreading. Contrary to this, if an outer-rotor structure is employed, the wasted space can be reduced due to the smaller number of stator poles as shown in Fig. 4(b) . Moreover, the inside of the inner stator core can be used effectively as the space where permanent magnets are arranged. Therefore, ferrite magnet, which has about onethird residual flux density as compared to the rare-earth magnet, but about one-tenth cost, is possible to be employed.
Based on the above consideration, the outer-rotor PMRG with ferrite magnets shown in Fig. 5 was proposed (9) . It was demonstrated that the proposed PMRG with ferrite magnets has almost the same output power as that with rare-earth magnets shown in Fig. 4(b) . Figure 6 indicates the efficiency of the 6/4-, 12/8-, and 12/16-pole PMRG shown in Fig. 3 and Fig. 5 , respectively, at the maximum output point corresponding to the rotational speed. It is clear that the efficiency at the low speed region is improved by the proposed PMRG, however further increasing the number of poles is required in order to obtain the high efficiency at our new target speed of 100 rpm.
2.3 Structure of the Designed 72/96-pole PMRG Based on the above results, we have designed a supermultipolar PMRG shown in Fig. 7 . The numbers of stator and rotor poles are 72 and 96, respectively. The diameter is 600 mm, and stack length per one-stacked is 26 mm. The rated power is expected to be over 1.0 kW at 100 rpm, 
Shape Optimization of Rotor Pole-tips
Principle of Torque Ripple Reduction
The PMRG has large torque ripple caused by the doubly salient pole structure. A skewed stator or rotor structures are well known to reduce the torque ripple. However, in the case of the PMRG, it is less effective and the output power decreases remarkably. Contrary to this, stacking several PMRGs with different spatial phases of the rotor cores as shown in Fig. 8 is effective in reducing the torque ripple without decreasing the output power. In general, its effectiveness becomes greater as the stacking number is increasing. However, the size of the multi-stacked PMRG becomes larger. Now, if a torque waveform of one PMRG consists of only odd-harmonics, the torque ripple can be completely cancelled in theory by only a two-stacked structure as shown in Fig. 9 , because two rotors generate the torques with opposite phase each other.
Shape Optimization of the Rotor Pole-tips
Based on the above consideration, we have clarified that the torque waveform can consist of almost odd-harmonics if the rotor pole-tips are cut off properly as shown in Fig. 10 (9) . However, it is difficult to find the best combination of W cut and θ cut because there are an infinite number of combinations.
In this paper, in order to find efficiently the optimum combination of the parameters W cut and θ cut , the coupled analysis of FEM and a general purpose optimization program (modeFRONTIER R ) is employed. Figure 11 shows the flowchart for finding the optimum combination of the parameters W cut and θ cut based on SIMLEX method (10) . The range of W cut is from 1 mm to 4 mm with 0.5 mm steps and θ cut is from 5 deg. to 40 deg. with 1 deg. step, respectively. Therefore, the total number of combinations is 7 × 36 = 252. Figure 12 shows the progress of the ripple ratio and the parameters W cut and θ cut . The minimum point of the torque ripple can be found for the 15th time by the proposed coupled analysis. Figure 13 indicates the comparison of the torque waveforms before and after the optimization. The figure reveals that the torque ripple can be reduced drastically. Figure 14 shows the harmonic contents of torques per one-stacked before and after the optimization. It is understood that evenharmonics, especially 2nd harmonic, can be reduced when the rotor pole-tips are cut off properly.
Calculated Load Characteristics of the PMRG
To estimate the load characteristics of the 72/96-pole outerrotor PMRG, 3D-FEM is employed since leakage flux in an axial direction cannot be neglected due to the flat structure that the diameter is over 20 times larger than the stack length. Figure 15 shows the 3D-FEM model of the 72/96-pole PMRG. Figure 16 indicates the load characteristics of the PMRG at 100 rpm. The maximum output power is about 900 W at a load current of 5.8 A, and the efficiency at this point is about 95% (only copper loss is taken into consideration.). It is understood that the designed PMRG has almost 1.0 kW output power and high efficiency.
Experimental Results
Based on the above consideration, a trial two-stacked 72/96-pole outer-rotor PMRG was manufactured. Fig. 17 shows the experimental setup of the trial PMRG. The servo motor drives the trial PMRG at a constant speed. Mechanical input torque and rotational speed are measured by the torque detector. Mechanical input power P m is given by where the average angular velocity and mechanical input torque areω andτ, respectively. Figure 18 illustrates the basic configuration of the output circuit. The trial PMRG is a six-phase machine since it has the two-stacked structure. The six-phase output ac current is converted into dc current by a six-phase full-bridge diode rectifier which consists of a couple of the conventional threephase rectifier modules. The load resistance is regulated by the electronic load. Figure 19 shows the rotational speed versus induced phase voltage characteristic. It is understood that the phase voltage increases in proportion to the rotational speed. Figure 21 shows the load characteristics of the trial 72/96-pole PMRG at 100 rpm. The maximum efficiency is 90.3% when a load current is 3.81 A. The maximum output power is about 1.4 kW and the efficiency at the point is 88.8%. The figure reveals that the efficiency of the trial PMRG is almost 90% in a wide range of the load current. Figure 22 indicates the measured output powers and voltages at rotational speeds of 60, 100, and 130 rpm, respectively. It is clear that the output power and voltage increase in proportion to the rotational speed. At 130 rpm, the maximum output power reaches about 1.9 kW. Figure 23 shows the efficiency at the maximum output point corresponding to the rotational speed. It is understood from the figure that the efficiency at the very low speed region is remarkably improved by the trial 72/96-pole PMRG.
Conclusion
In this paper, the super-multipolar PMRG for small-scale renewable power generation was presented. The proposed PMRG employ the ferrite magnet instead of the rare-earth magnet. The torque ripple was reduced drastically by the two-stacked structure with chamfered pole-tips. To find the optimum shape of the rotor pole-tips, the coupled analysis of FEM and a general purpose optimization program was employed.
The measured characteristics of the developed 72/96-pole PMRG were described. The trial PMRG has achieved 1.4 kW output power at 100 rpm, and about 90% efficiency.
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